In hypercholesterolemic rabbits, oral L -arginine (the substrate for endothelium derived nitric oxide) attenuates endothelial dysfunction and atheroma formation, but the effect in hypercholesterolemic humans is unknown. Using high resolution external ultrasound, we studied arterial physiology in 27 hypercholesterolemic subjects aged 29 Ϯ 5 (19-40) years, with known endothelial dysfunction and LDL-cholesterol levels of 238 Ϯ 43 mg/dl. Each subject was studied before and after 4 wk of L -arginine (7 grams ϫ 3/ day) or placebo powder, with 4 wk washout, in a randomized double-blind crossover study. Brachial artery diameter was measured at rest, during increased flow (causing endothelium-dependent dilation, EDD) and after sublingual glyceryl trinitrate (causing endothelium-independent dilation). After oral L -arginine, plasma L -arginine levels rose from 115 Ϯ 103 to 231 Ϯ 125 mol/liter ( P Ͻ 0.001), and EDD improved from 1.7 Ϯ 1.3 to 5.6 Ϯ 3.0% ( P Ͻ 0.001). In contrast there was no significant change in response to glyceryl trinitrate. After placebo there were no changes in endothelium-dependent or independent vascular responses. Lipid levels were unchanged after L -arginine and placebo. 
Introduction
Hypercholesterolemia is a major risk factor for atherosclerosis in animal models and in man (1) and may be associated with damage to the vascular endothelium which is involved in the initiation of the atherosclerotic process (2) . Healthy vascular endothelium is known to produce nitric oxide (NO, or a related compound) (3) which is a potent vasodilator and also inhibits platelet aggregation and adhesion, leucocyte/vessel wall interactions and smooth muscle proliferation (4) . Elevated serum cholesterol is associated with reduced endotheliumdependent vasodilation (5, 6 ) and decreased endothelial NO activity (7) , well before any structural changes in the arterial wall are detectable.
l -arginine is the substrate for nitric oxide synthase (NOS), the enzyme which catalyses the production of NO in vascular endothelial cells (8) . Experimental work in cholesterol fed rabbits has shown that dietary supplementation with l -arginine causes attenuation of endothelial dysfunction, with increased NO activity resulting in reduced platelet activation (9) and monocyte adhesion (10) . In addition, it is associated with a marked reduction in aortic and coronary atherosclerosis (11, 12) .
In hypercholesterolemic humans, acute intravenous administration of l -arginine may improve endothelial responses in resistance vessels in the peripheral and coronary circulation (13, 14) , but the effects of chronic oral administration of l -arginine on large vessel physiology in humans are not known. This study has shown that dietary supplementation of l -arginine for a 4-wk-period improves endothelium-dependent dilation (EDD) 1 of the conduit arteries in young asymptomatic subjects with hypercholesterolemia.
Methods
Subjects. The study subjects, recruited from specialist lipid clinics in London and Sydney, had elevated LDL-cholesterol levels ( Ͼ 162 mg/ dl), were aged 18 to 40 yr, lifelong nonsmokers, and were not hypertensive or diabetic. None had regular exposure to environmental tobacco smoke, and all were of average fitness levels. Subjects with clinical evidence of atherosclerosis or who were on vasoactive medication were excluded. Those taking HMG CoA reductase inhibitors in a stable dose for Ͼ 6 mo who still met the entry criteria for cholesterol were recruited. Females using reliable contraception and not intending to become pregnant for the duration of the study were eligible. The study was approved by the local research ethics committees and each subject gave written informed consent. Consecutive subjects meeting the study entry criteria underwent a baseline study of vascular reactivity (see below) and those with impaired flow mediated dilation (defined as a flow mediated dilation below 1 standard deviation from the mean responses seen in 210 subjects without vascular risk factors, matched for vessel size) were enrolled in the trial. Thirty subjects were studied using a randomized, placebo controlled, double blind crossover design with two 4-wk treatment periods, separated by a 4-wk washout period (Fig. 1) . The study size was based on power calculations derived from previous studies of variability in vascular reactivity measurements (15) . l -arginine was given at a dose of seven grams three times a day for the 4-wk treatment period. Both the active drug preparation and placebo were prepared as identical powder formulations, which when mixed with water made a palatable drink ( l -arginine and placebo were made up in pineapple flavoring and supplied by Scientific Hospital Supplies, Liverpool, UK). The amount of l -arginine supplementation was chosen after preliminary studies demonstrated that this dose was well tolerated and resulted in an approximately twofold increase in plasma arginine levels following each dose (similar to the dose given in the hypercholesterolemic rabbit model (11) , calculated on a weight for weight basis).
The noninvasive assessment of endothelium-dependent dilation was performed before and at the end of each treatment period. Posttreatment studies were performed between 1 and 2 h after the last dose of l -arginine or placebo. Subjects fasted overnight before each assessment and supine blood pressure was measured at the time of each study.
Vascular reactivity study. Arterial endothelial and smooth muscle function were studied non-invasively by examining brachial artery responses to endothelium-dependent and independent stimuli as we have previously described (16). Arterial diameter was measured from B-mode ultrasound images at rest, in response to reactive hyperemia (with increased flow producing endothelium-dependent vasodilation), again at rest and after sublingual glyceryl trinitrate (GTN, an endothelium independent vasodilator), using a standard 7 mHz linear array transducer and Acuson 128XP/10 system (Acuson, Mountain View, California).
The subject lay at rest for at least 10 min before the first scan and remained supine throughout the study. The brachial artery was scanned in longitudinal section 2-10 cm above the elbow and the center of the artery identified when the clearest picture of the anterior and posterior wall layers was obtained. The transmit (focus) zone was set to a depth of the near wall, in view of the greater difficulty in evaluating the near compared with the far wall "m" line (the interface between the media and adventitia). Depth and gain settings were set to optimize images of the lumen/arterial wall interface, images were magnified using a resolution box function (leading to a line width of ‫ف‬ 0.065 mm) and machine operating parameters were not changed during the study.
When a satisfactory transducer position was found, the skin was marked and the arm remained in the same position throughout the study. A resting scan was then recorded. Increased flow was then induced by inflation of a pneumatic tourniquet placed around the forearm (distal to the segment of artery being scanned) to a pressure of 250-300 mmHg for 4.5 min, followed by rapid release. A second scan was taken 30 s before release of the cuff and continued for a further 90 s after cuff deflation. The brachial artery dilation to flow using this technique can be blocked by infusion of N -monomethyl l -arginine (L-NMMA) (17), a specific antagonist for NO synthase, and responses correlate with invasive tests of coronary endothelial function (18) . Thereafter, 10-15 min was allowed for vessel recovery after which a further resting scan was taken. Sublingual GTN spray (400 g) was then administered and 3-4 min later the last scan was performed. Doppler derived flow measurements (using a pulsed wave Doppler signal at a 70 Њ angle to the vessel with the range gate (1.5 mm) in the center of the artery) were obtained during the first resting scan (baseline blood flow) and again during the first 15 s of reactive hyperemia (allowing the flow increase to be expressed as a percentage of the baseline flow). The electrocardiogram was monitored continuously throughout the study.
Data analysis. All scans were recorded on super VHS videotape for later analysis. Vessel diameters were measured by two blinded observers unaware of the clinical details and the stage of the experiment, at the center where the data was collected. Tapes were then transferred to the sister center where a further analysis was performed by a third independent observer. The mean of the three observations was then taken. We have shown previously that this method is accurate and reproducible for measurement of small changes in arterial diameter, with low inter-observer error for measurement of flow mediated dilation (15) . The arterial diameter was measured at a fixed distance from an anatomical marker (such as a fascial plane or vein seen in cross section) using ultrasonic calipers. Measurements were taken from the anterior to the posterior "m-line" at end diastole. The mean diameter was calculated from four cardiac cycles incident with the R-wave on the electrocardiogram (ECG). For the reactive hyperemia scan, diameter measurements were taken 50 to 60 s after cuff deflation. Diameter changes were derived as percentage change relative to the mean of the two baseline scans (100%). Volume blood flow was calculated by multiplying the velocity time integral of the Doppler flow signal (corrected for angle) by the heart rate and the vessel cross-sectional area ( ϫ r 2 ) (16). The flow velocity used in our calculation is taken from the center of the artery and therefore absolute flow values may be overestimated, but relative values before and after cuff inflation are accurate. Reactive hyperemia was calculated as the maximum flow measured during the first 15 s after cuff deflation divided by the flow during the first resting (baseline) scan.
Biochemical studies. Venous blood samples were collected before the initiation of each treatment and after 1 and 4 weeks of treatment (between 1 and 2 h after the treatment dose). Measures of full blood count (Coulter Counter analyzer), urea, ammonia, creatinine, aspartate transaminase and alkaline phosphatase were performed in an automated analyzer (Kodak Systems, UK). In female subjects, blood samples were taken 2 h after the first dose of each powder for ammonia estimation in order to exclude a rapid rise in ammonia levels that may have signalled the presence of heterozygous arginase deficiency. This was not observed in any subject. Fasting lipid analyses were performed for total cholesterol, high density lipoprotein (HDL) cholesterol (after precipitation of apoprotein B containing lipoproteins) and triglycerides using Boehringer-Mannheim GmbH, diagnostica apparatus in London and a Hitachi 747 autoanalyzer in Sydney. Low density lipoprotein (LDL) cholesterol was calculated according to the Friedwald formula (19). Lipoprotein (a) was measured using an immuno-radiometric assay (Pharmacia, Milton Keynes, UK). Plasma was deproteinized with 2% sulphur salicylic acid and analyzed for free l -arginine with an automated amino acid analyzer (Pharmacia, Milton Keynes, UK) in London and high-performance liquid chromatography in Sydney.
Nitrosoprotein assay. We measured circulating nitrosoprotein levels as an indicator of the endogenous plasma levels of bioavailable NO (20) in a subgroup of 11 patients. Blood samples were collected into heparin on ice, immediately transported to the laboratory and centrifuged for 20 min at Ϫ 40 Њ C. The supernatant plasma was removed to a separate tube on ice and assayed immediately for protein-bound NO (21), after displacement with Hg 2 ϩ , by diazotization of sulphanilamide followed by coupling with N-(1-naphthl)-ethylene diamine, according to the method of Saville (22) . Preliminary studies used nitrosylated bovine serum albumin to establish the half-life of Figure 1 . Study protocol. Arrows represent time points where vascular studies were performed and blood was sampled for biochemistry, l-arginine levels and lipid profile.
nitrosoproteins under conditions of blood sampling and assay. No detectable loss of nitrosylated bovine serum albumin was found during 2 h storage at room temperature. Standard curves were produced using sodium nitrite (linear, r Ͼ 0.99 in all cases). Control incubations in which Hg 2 ϩ was omitted indicated that plasma free nitrite levels were below the limits of detection of the assay. Triplicate determinations of nitrosoproteins on a batch of plasma, assayed on the same day, gave standard deviations of Ͻ 5%.
Statistics. Descriptive data are expressed as mean and standard deviation. The primary study endpoint was change in flow mediated dilation (posttreatment values minus pretreatment values) on l -arginine and on placebo. The change on l -arginine and placebo were compared by paired student t tests (23) . Determinants of the degree of change in flow-mediated dilation (FMD), such as gender, current use of HMG CoA reductase inhibitors and biochemical measures, were explored by standard univariate and multiple regression analyses. Baseline values, before each powder was administered, and other outcome variables were compared by paired t tests corrected for multiple comparisons (24) , except nitrosoprotein levels which were compared using a Wilcoxson signed rank test. The treatment "order effect" was explored using standard regression techniques in terms of changes in flow mediated dilation and in terms of changes from baseline for other outcome variables. For all values, comparisons of changes between treatment arms used intention-to-treat analyses (i.e., all patients were included irrespective of compliance to assigned treatment) unless otherwise stated. Statistical significance was inferred at two-sided P Ͻ 0.05.
Results
Subjects. Of the 56 hypercholesterolemic subjects screened by vascular ultrasound, 30 subjects fulfilled the selection criteria and were randomized. There were three withdrawals related to the subjects' time commitments and geographical difficulty in attending hospital, all within the first 4-wk treatment phase (1 received active medication, 2 placebo). The remaining 27 subjects (18 men, 9 women, mean age 29 Ϯ 5 [19 to 40] years) completed the study. Seventeen had familial hypercholesterolemia (defined as having a total plasma cholesterol Ͼ 268 mg/ dl or a LDL-cholesterol Ͼ 196 mg/dl with tendon xanthomata in the patient or a relative) and 10 had "polygenic" hypercholesterolemia. Lipid profiles are shown in Table I . Total cholesterol was 294 Ϯ 50 mg/dl and LDL-cholesterol was 238 Ϯ 43 mg/ dl. Fifteen subjects were receiving HMG CoA reductase inhibitors (Simvastatin or Pravastatin) at a stable dose throughout the study; LDL-cholesterol levels (217 Ϯ 35 vs. 224 Ϯ 45 mg/dl) were similar in those receiving and those not receiving HMG CoA reductase inhibitors ( P ϭ 0.61).
l -arginine and placebo treatments were generally well tolerated with minor complaints of increased stool frequency and abdominal bloating in five subjects on l -arginine and two subjects on placebo powder. While on l -arginine, three subjects suffered diarrhoea, requiring that the dose be reduced to seven grams twice daily without unblinding. Symptoms quickly resolved on this modified regime.
Vascular reactivity studies. Baseline vessel diameter, blood flow and degree of reactive hyperemia after cuff release did not alter significantly over the course of the study (Table I) . Baseline flow mediated dilation was similar in those subjects taking and those not receiving HMG CoA reductase inhibitors (2 Ϯ 1.5 vs. 1.8 Ϯ 1.4%, P ϭ 0.71). There was a significant improvement in flow mediated dilation in subjects while taking l -arginine (1.7 Ϯ 1.3% to 5.6 Ϯ 3.0%) compared with placebo (2.3 Ϯ 1.9 to 2.3 Ϯ 2.4%, Change( ⌬ ) on l -arginine was 3.9 Ϯ 3.0% versus ⌬ on placebo 0.1 Ϯ 2.2%, P Ͻ 0.001) (Table I, Fig. 2 ). In contrast, no difference in response to GTN was found during the two treatment phases. Of the 27 subjects, flow mediated dilation improved by Ͼ 2% in 18 subjects on l -arginine (67% of subjects).
In the 15 patients who received the active l -arginine treatment phase first, there was no difference in baseline vessel diameter (4.0 Ϯ 0.6 vs. 4.1 Ϯ 0.4 mm) the degree of reactive hyperemia (401 Ϯ 168 vs. 411 Ϯ 246%), or flow mediated dilation (2.2 Ϯ 1.4 vs. 2.1 Ϯ 2.0%) between the baseline scan and the scan following the washout phase ( P Ͼ 0.50 for each comparison). Similarly, analysis of the results using multiple linear regression did not reveal any "order effect."
There were no significant changes in resting heart rate (64 Ϯ 10 bpm to 65 Ϯ 10 bpm on l -arginine and 61 Ϯ 10 bpm to 64 Ϯ 9 bpm on placebo) and supine blood pressure (119 Ϯ 10/70 Ϯ8 mmHg to 119Ϯ7/76Ϯ7 mmHg on l-arginine and 117Ϯ8/77Ϯ8 mmHg to 118Ϯ8/76Ϯ7 mmHg on placebo) during active or placebo treatment phases, suggesting no direct hemodynamic effects of l-arginine therapy.
Biochemical measurements. Lipid profiles did not change significantly during l-arginine and placebo treatment phases (Table I) . Full blood count, creatinine, alkaline phosphatase, aspartate transaminase and alanine transaminase also re- Urea levels returned to baseline during the washout period in those who received l-arginine first. Serum l-arginine levels rose significantly during the active treatment phase (115Ϯ103 to 231Ϯ125 mol/liter, P ϭ 0.002) and there was also a modest rise in nitrosoprotein levels (0.6Ϯ1.4 to 2.7Ϯ3.0 mol/liter, ⌬ P ϭ 0.31), although this was not statistically significant. No change in l-arginine levels or nitrosoprotein levels was detected on placebo treatment.
To investigate the effects of l-arginine administration on hormone levels, we measured plasma glucose, growth hormone (GH) and insulin-like growth factor-1 (IGF-1) in a subgroup of eight patients before and after 4 wk of l-arginine. No significant change in levels were found (glucose 4.8Ϯ0.5 to 4.8Ϯ0.7 mmol/liter, P ϭ 0.81; GH 6.5Ϯ10.5 to 3.7Ϯ4.1 mU/liter, P ϭ 0.34; IGF-1 337Ϯ54 to 364Ϯ118 ng/ml, P ϭ 0.42). There were no significant correlations between any of these hormone levels and observed changes in vascular reactivity.
Determinants of change in endothelium-dependent dilation. The relationship between change in endothelium-dependent dilation on l-arginine powder and sex, HMG CoA reductase inhibitor therapy, LDL-cholesterol levels, lipoprotein (a) (Lp[a]) levels and plasma l-arginine levels was explored using univariate and multivariate analyses. There were no significant relationships detected. Thus, although there was a wide range of endothelium-dependent dilation (EDD) changes following l-arginine therapy (Ϫ1.0-11.1%) this could not be explained by any of the measured parameters, nor by the plasma l-arginine levels.
Discussion
We have shown that dietary supplementation with the amino acid l-arginine, results in significant improvement in endothelium-dependent dilation in hypercholesterolemic young adults, after just 4 wk. As oral l-arginine was not associated with adverse hemodynamic or clinical events, this agent may have therapeutic applications.
Previous experimental studies which have examined the effect of l-arginine in isolated tissue preparations and animal models of hypercholesterolemia have demonstrated acute improvement of microvascular and conduit artery endotheliumdependent dilation (25) (26) (27) . Furthermore, in cholesterol fed rabbits, dietary supplementation with l-arginine has been shown to attenuate the development of endothelial dysfunction and early atheroma formation in the aorta (11) . However, it is difficult to extrapolate these findings to humans as the time course and pathophysiology of atherogenesis are known to differ from animal models.
Clinical studies with l-arginine have been conducted previously in older individuals in whom atherosclerosis and endothelial dysfunction are likely to be well established. Parenteral l-arginine has been shown to improve microvascular endothelium-dependent responses in both the forearm (13, 28) and coronary circulation (14, 29) of hypercholesterolemic subjects, but not in those with normal cholesterol levels (14) . Short term therapy with l-arginine had no effect on the endothelial physiology of the large conduit arteries in these studies. Our work differs from these reports since we have examined the effects of chronic oral administration at a much earlier stage in the disease process, when intuitively there is more likely to be a response to intervention. Indeed, we have demonstrated previously that endothelial dysfunction is already present in the conduit arteries in hypercholesterolemic children as young as 7 yr of age (6) . By studying subjects early in the natural history of their disease, we have been able to demonstrate, for the first time, that an oral agent can improve large artery physiology in presymptomatic subjects at risk of atherosclerosis. The improvement that we have observed in young adults contrasts with the lack of response in older patients and may be related to shorter duration of their disease or perhaps to the longer period of administration possible with oral therapy. However, despite receiving a regime that produced an approximately 2 fold increase in l-arginine levels, endothelium-dependent responses (5-7%) in these young hypercholesterolemic adults did not improve to the levels found in normocholesterolemic subjects (7-9%) (30) . These findings are consistent with work in the cholesterol fed rabbit where a comparable dose of oral l-arginine resulted in only partial attenuation of endothelial dysfunction over a similar time course (11) .
The current findings of improved endothelial function after oral l-arginine are only applicable to hypercholesterolemic subjects whose baseline endothelial physiology is abnormal. Whether larger oral doses of l-arginine, or more prolonged therapy, would have produced further improvement, or whether this represents maximal achievable benefit with l-arginine in such patients, is unknown. Similarly it remains to be tested whether an equivalent response could have been achieved with lower total doses or less frequent dosing. The beneficial effects on the endothelium were short lived and were no longer apparent 4 wk after cessation of treatment. It may be necessary, therefore, to continue long term therapy to maintain the improvement in vascular function. It will also be important, in future studies, to assess whether chronic oral therapy can improve endothelial function in normocholesterolemic subjects, or in those with high cholesterol levels but in whom flow mediated dilation is within the normal range.
Our simple noninvasive technique enables accurate and reproducible assessment of vascular responses in young, asymptomatic subjects (15) . The method involves comparing vascular dilation in response to increased flow with dilation in response to glyceryl trinitrate. Flow mediated dilation depends on the ability of healthy endothelium to release NO in response to shear stress (31, 32) , via the l-arginine/NO pathway and consequently can be inhibited by intra-arterial infusion of L-NMMA proximal to the measuring site (17) . A close correlation has been demonstrated between endothelial function in the brachial artery, assessed using our method, and endothelial function in the coronary arteries assessed invasively using acetylcholine (18) .
The mechanism whereby l-arginine may improve endothelial function remains uncertain. Experimental work on the vascular wall suggests that an important balance exists between the production of NO by the endothelium and its subsequent inactivation (33) . In normal subjects there may already be sufficient NO activity, explaining the failure of l-arginine supplementation to increase EDD in such subjects (14, 34) , although in these studies, l-arginine was administered for much shorter time periods. In hypercholesterolemia, the impaired vasodilation response to flow (6) and other endothelium-dependent stimuli (5) may result from increased NO inactivation by oxygen free radicals generated by the presence of oxidized LDLcholesterol and/or Lp(a) particles in the subendothelial space (35) or, in some circumstances, by substrate limited NO production. In vitro work initially demonstrated that extracellular l-arginine levels were adequate for maintaining or increasing intracellular NO production (36) even in the presence of hypercholesterolemia. Recent work by Harrison and colleagues has, however, suggested that, in the presence of physiological concentrations of l-glutamine, the Km (substrate concentration at which the reaction velocity is half-maximal) of NOS for l-arginine may be much higher (37) .
In this study, we were unable to measure directly whether l-arginine supplementation increased NO production. There was a non-significant increase in nitrosoprotein levels in some subjects; this may reflect inadequate statistical power, as other investigators have shown that l-arginine therapy is associated with an increase in a number of other surrogate markers of NO production, such as nitrite, nitrate and exhaled NO (10, 38) . In our study, we did not find any changes in endocrine parameters with l-arginine therapy, which might have altered arterial physiology. Other investigators, however, have demonstrated that oral l-arginine may enhance insulin and prolactin secretion (39) (40) (41) , and may influence the immune system, altering plasma interleukin and T lymphocyte responses (42, 43) . It is uncertain if any or all of these changes might contribute to the beneficial effects of oral l-arginine on vascular physiology in hypercholesterolemic subjects. In our subjects, there was a wide range of changes observed in endothelium-dependent dilation after l-arginine; this suggests that other factors we were unable to measure might modulate an individual's response to oral l-arginine therapy. For example, inhibition of LDLoxidation (44) may be an alternative or additive explanation for the observed effects of l-arginine on vascular physiology.
Nitric oxide is not only a potent vasodilator but reduces platelet aggregation and adhesion, monocyte-vessel wall interaction and smooth muscle cell proliferation -all important events in early atherosclerosis (4). Tsao et al. have demonstrated that dietary l-arginine supplementation decreases platelet activation (9) and inhibits monocyte adhesion to the endothelial cell surface (10) in hypercholesterolemic rabbits. In both experiments, the inhibition of these effects by L-NMMA suggests the mechanism is related to increased synthesis of NO from l-arginine. Preliminary studies suggest that l-arginine may have similar effects in human subjects (34) .
A relationship is emerging between vascular risk factors, endothelial dysfunction and the subsequent development of atherosclerosis and its complications (2) . Strategies for intervention in this sequence of vascular damage have traditionally concentrated on risk factor modification, such as cholesterol lowering or smoking cessation. By effecting a favorable alteration in the balance between NO production and catabolism, therapy with l-arginine might provide an additional approach for vascular protection. We have shown that oral l-arginine supplementation improves endothelial dysfunction in the conduit arteries of young asymptomatic adults with hypercholesterolemia. It may also be beneficial in individuals with other cardiovascular risk factors, such as cigarette smoking and diabetes mellitus, which may interact with hypercholesterolemia to cause vascular damage (30, 45) . As in the hypercholesterolemic animal model, dietary l-arginine supplementation in humans may thus impact favorably on the atherogenic process. This work is supported by grants from the British Heart Foundation, the Coronary Artery Disease Research Association (CORDA), the National Heart Foundation of Australia and the National Health and Medical Research Council of Australia.
